CONSPECTUS: Cyanine derivatives, named from the Greek word kyanos meaning dark-blue, were discovered more than 150 years ago and remain one of the most widely used classes of organic dyes with contemporary applications in photography (panchromatic emulsions), information storage (CD-R and DVD-R media) and biochemistry (DNA and protein labeling) fields. Cyanine chromogens consist of a charged π-conjugated segment containing an odd number of sp 2 carbon atoms with the chain capped at the extremities by two electronegative centers, typically nitrogen or oxygen atoms. Cyanines are characterized by a vanishing bond length alternation indicating nearly equal carbon−carbon bond lengths, as well as a very intense and sharp absorption band presenting a shoulder. This hallmark band undergoes a strong red shift when the chain is extended. This so-called vinyl shift is extremely large (ca. 100 nm for each pair of carbon atoms added in the π-conjugated path), making cyanines ideal building blocks for the design of devices with near-infrared applications. Numerous cyanines also exhibit emission bands with large quantum yields. These exceptional optical properties explain why both canonical cyanines and the corresponding fluoroborates (e.g., boron-dipyrromethene, BODIPY) remain the focus of an ever-growing body of experimental work. In turn, this popularity has stimulated quantum mechanical investigations aiming, on the one hand, at probing the specific electronic nature of cyanine dyes and, on the other hand, at helping to design new dyes. However, the adiabatic approximation to time-dependent density functional theory, the most widespread ab initio model for electronically excited states, fails to accurately reproduce the absorption spectra of cyanine derivatives: it yields a systematic and large underestimation of the experimental wavelengths irrespective of the details of the computational protocol. In contrast, highly correlated wave function approaches provide accurate transition energies for model systems but are hardly applicable to real-life cyanines and BODIPY. This indicates that setting up a computationally tractable theoretical protocol that provides both robust and accurate optical spectra for cyaninebased dyes is a major challenge that has only been taken up lately. In this Account, we compile the most recent advances in the field by considering both compact streptocyanines and large fluoroborates. For the former, we summarize the key results obtained with a large panel of theoretical approaches, allowing us not only to understand the origin of the cyanine challenge but also to pinpoint the schemes presenting the most promising accuracy/ effort ratio. For the latter, we show via selected examples how theoretical models can be used to reproduce simultaneously experimental band shapes and transition energies, thus paving the way to an efficient in silico design of new compounds. a Clockwise starting from top right: extension of the π-path, stiffening of the lateral arms, addition of electron-donating groups, typical aza-BODIPY, substituted NBO compound, boranil derivative, and fused-dimer structure.
INTRODUCTION
Generally speaking, charged (cationic or anionic) cyanines represent one of the subclasses of the large family of streptopolymethine dyes. 1, 2 These have been used first as sensitizer for emulsion photography and then in advanced photonic materials, 3, 4 as well as photodynamic therapy agents or bioprobes for near-infrared (NIR) imaging. 5, 6 These dyes consist of a π-conjugated bridge composed of an odd number of sp 2 carbon atoms linking electron-donating or -accepting groups. An unambiguous rationalization of the particular photophysical properties of polymethine dyes as controlled by the length and nature of the bridge (the so-called vinyl shift), 7 the composition of the terminal moieties and their environment (solvent polarity, counterions, etc.), 8, 9 and other factors remains a matter of important debate. Until recently, polymethines were classified on the basis of their ground state electronic configurations. 10 The cyanine configuration 11 is defined by the charge being fully and symmetrically delocalized over the entire conjugated backbone (nearly equal bond length, and consequently negligible bond-length alternation, BLA). The relationship between this vanishing BLA and the vinyl shif t can be qualitatively understood with simple models. 12 The cyanine configuration results in sharp and intense absorption with a vibronic shoulder at higher energy. The dipolar configuration is characterized by a charge predominantly localized at one extremity (positive BLA) and a spectroscopic signature consisting of a broad and structureless charge transfer type transition that is blue-shifted compared with the cyanine one. As an alternative, a third electronic configuration that corresponds to a predominant charge-centered state called bisdipole was experimentally and theoretically demonstrated by Maury and co-workers. 13 These three limit configurations (i.e., the forms I−III) are represented in Scheme 1. Going from one form to another, meaning crossing the cyanine limit in either direction (I ↔ II) or passing from cyanine to bis-dipole (I ↔ III), remains a challenging task. 7, 8, 13, 14 As an alternative to cyanines, boron-dipyrromethene (i.e., BODIPY) and other fluoroborates considered to be cisconstrained cyanines (see Scheme 2) are recognized as the most effective and versatile family of organic fluorophores developed to date. This is explained by their extremely rich chemistry and their remarkable photophysical properties inclucing a sharp fluorescence emission band with large quantum yield. 15−17 Applications of these derivatives are already found in bioimaging, photodynamic therapy, advanced optics and optoelectronics, and photovoltaics. 18, 19 For rationalizing experimental measurements, as well as for predicting optical properties of to-be-synthesized derivatives, quantum mechanical tools are extremely popular. In the framework of optical spectra and electronically excited states, the toolbox of theoretical chemists is now vast, 20 comprising both wave function methods, for example, the single reference EOM-CC (equation-of-motion coupled-cluster), CIS(D) (configuration interaction singles with a perturbative correction for doubles), ADC (algebraic-diagrammatic construction propagator approach), and the multireference CAS (complete active space) schemes as well as density-based approaches. In the latter category, TD-DFT (time-dependent density functional theory) is certainly the most popular method due to its remarkably small computational cost and to the availability of analytical derivatives allowing for easy exploration of the excited-state potential energy surfaces. 21 In this Account, we aim to provide an overview of the applications of these approaches for cyanine and BODIPY derivatives, two broad families of chromophores that consistently grieve computational chemists. With particular emphasis upon the simultaneous calculation of transition energies and the accurate restoration of absorption and emission band topologies (that require the calculation of excited-state vibrations), we herein point out the strengths and weaknesses of adiabatic TD-DFT and the opportunities offered by CIS(D) as well as by GW/ BSE (Greens function/Bethe−Salpeter equation) that allow for addressing these weaknesses.
MODEL CHAINS AND CYANINES
For the increasingly long streptocyanine dyes (CNx in Scheme 3), numerous methodologies have been tested with some key results listed in Table 1 ; the interested reader can find expanded data in the Supporting Information. It is important to note that all data reported in Table 1 and in the Supporting Information have been obtained in the vertical approximation, that is, using a frozen ground-state geometry and completely neglecting vibronic couplings. While this approximation allows one to use a large range of theoretical schemes, the obtained theoretical figures cannot be rigorously compared with experiment, notably because CNx derivatives undergo strong deformations after absorption, which make the constant geometry assumption an inadequate hypothesis. 22 The first ab initio calculations on the CNx derivatives appeared in 2001 with the works of Fabian 23 and Schreiber and co-workers. 24 Already at that time, it turned out that the adiabatic approximation to TD-DFT relying on the B3LYP hybrid exchange-correlation functional could not provide accurate transition energies (TD-DFT values are overshot by ca. 0.5−1.0 eV, a deviation well beyond TD-DFT's expected accuracy for low-lying excitedstates) 25 nor restore the vinyl shift (underestimated by a factor of ca. 2). 23, 24 An examination of Table S-2 in the Supporting Information demonstrates that these large deviations are not related to the selection of specific atomic basis sets or groundstate geometries. Indeed, the typical variations noted when changing these two parameters are 1 order of magnitude smaller than the reported TD-DFT error. Likewise, substitution of the chain ends with methyl groups (NMe 2 instead of NH 2 in Scheme 3) does not impact the conclusions. 22, 24, 26, 27 The early CAS-PT2 calculations of Schreiber et al. revealed no significant multireference character for the states of interest, for example, the main determinant represents 88% of the first excited-state in CN7; 24 hence the TD-DFT discrepancies could not be ascribed to the monodeterminantal nature of the theory. In the same vein, one cannot explain this error by the well-known charge-transfer (CT) failure of TD-DFT, 28 because (i) TD-DFT overestimates the transition energies of CNx whereas it would underestimate the energies of CT states, 23, 24, 29 (ii) the use of range-separated hybrids, for example, CAM-B3LYP, does not provide any significant improvement, 26 (iii) the examination of the frontier orbitals involved in the transition indicates an important overlap between the relevant occupied and virtual orbitals, 30 and (iv) optimally tuned functionals that minimize the delocalization error do not cure the problem. 31 The fact that the obtained transition energies are rather insensitive to the selection of a specific (pure or hybrid) exchange-correlation functional is one of the theoretical signatures of cyanine derivatives. This can be illustrated by comparing the results obtained for CN9 with two extreme functionals in the Minnesota family, namely M06-L (no exact exchange) and M06-HF (100% exact exchange): a small shift of 0.26 eV is noted (see the Supporting Information). 30 A second theoretical signature of cyanines is that the Tamm−Dancoff approximation (TDA), generally having a marginal impact on estimates of TD-DFT, induces a strong increase of the transition energies by ca. 0.5 eV, 22,31 that is, even larger errors than the original TD-DFT produces. In fact, the cyanine failure of TD-DFT can be attributed to the difficulty of capturing the differential electroncorrelation effects between the ground and excited states. 31−34 To the best of our knowledge, this was first noted by Grimme and Neese, 32 who proposed the use of their double hybrid exchange-correlation functional, B2PLYP, as a fix. While this approach including a correction for doubly excited-states indeed brings significant improvements, the vinyl shift remains underestimated, and the absolute error remains far from negligible. 32 To shed a qualitative light on these differential electron-correlation effects, Masunov evaluated the difference of total density between the first excited and ground states in a medium sized cyanine. 35 He showed that there are strong depletions (accumulations) of density on even (odd) atomic centers, the absolute variations being about three times the one observed in the corresponding polyene. In other words, despite the strong overlap between the frontier orbitals involved in the transition, a particularly strong reorganization of the electron density takes place in cyanines. This is likely the reason why Minnesota functionals providing a more accurate treatment of electron correlation, for example, M08-SO, are among the best performing global hybrids for the CNx series, 30 though the errors remain large (see Table 1 ). More thorough theoretical analyses of the origin of the cyanine problem were recently performed by the groups of Autschbach and Ziegler. 31, 34 They found that time-dependent approaches (both TD-DFT and TDA) afford too large singlet energies but too small triplet energies, the singlet−triplet separation being consequently strongly overestimated (by ca. 1 eV), an error almost independent of the selected functional. 31 They related this inaccurate singlet−triplet gap to an inadequate representation of an exchange integral between π and π* orbitals. On the contrary, both the singlet energies and the singlet−triplet separations obtained with time-independent approaches, for example, ΔSCF, are significantly modified when varying the exact exchange percentage. It was noticed that BHHLYP (50% of exact exchange) emerges as a good compromise in that ΔSCF protocol (see Table 1 ), 34 a result subsequently confirmed by Filatov and Huix-Rotllant with a similar approach. 33 Having identified and explained the limitations of TD-DFT, let us now turn toward alternative approaches. By comparison of the three CAS-PT2 results listed in Table 1 , it is obvious that the details of the calculations (size of the active space, application of an IPEA shift) are of prime importance especially Scheme 2. Representation of (1) the BODIPY Structure (center), (2) the Formal Relationship between BODIPY and Streptocyanines (top), and (3) Synthesized Variants of the BODIPY a for short chains. 22, 24 As stated above, these CAS-PT2 calculations did not revealed strong multireference character, suggesting that one can therefore trust the most correlated single-reference approach, CC3, which provides values of 4.84 and 3.65 eV for CN5 and CN7, respectively. These figures are between those of the two most refined multireference schemes, namely, DMC (5.03 and 3.83 eV) and CAS-PT2 with a large active space and an IPEA shift (4.69 and 3.52 eV). Interestingly, all methods that explicitly account for double excitations, namely, CC2, CIS(D), and ADC(2) yield quite accurate trends that are close to the CC3 reference. CC2 slightly overestimates the CC3 results (by ca. 0.10−0.15 eV), 22 whereas ADC(2) leads to the opposite error (underestimation by ca. 0.15−0.20 eV). 33 As noted by Send et al. and consistently with the above analysis, the correlation energy strongly depends on double excitations for all cyanines, and the contribution of the triple excitations is larger than in other π-conjugated derivatives. 22 In practice, CIS(D) that is systematically within 0.05 eV of the CC3 reference appears as very effective due to its relatively small computational cost. 31 The same holds for the GW/BSE approach, which explicitly and self-consistently accounts for the correlation between the electron and the hole. 36 Given its limited computational cost (ca. twice that of TD-DFT with the same scaling) and its ease of use, GW/BSE probably stands as one of the best compromises among ab initio approaches for cyanines.
Real-life cyanines, used for practical applications, present a conjugated skeleton similar to the one of the CNx derivatives but with much bulkier end groups. Of course, for those dyes, the large TD-DFT deviations noted for the transition energies of the model systems persist. 13, 23, 27, 29, 37 As stated in the Introduction, these derivatives develop a hallmark shoulder that was first modeled by Champagne and co-workers. 29 Using a vibronic approach and the BHHLYP functional, they could reproduce the experimental absorption band shape of a typical compound (see Figure 1 ). This result hinted that although TD-DFT fails to provide accurate transition energies, this approach is able to correctly describe the ground and excited state geometries and vibrational frequencies. The same group applied a similar methodology to quantify the impact of stacking on vibrationally resolved spectra. 38 Lately, we have investigated a homologous series of conjugated dyes in such a way as to smoothly explore a range of transitions going from welllocalized behavior to classical cyanine. 13 We showed that the hallmark shoulder in cyanine could be mainly ascribed to an asymmetric deformation mode implying the bonds of the conjugated pathway, whereas in the corresponding bis-dipolar dyes (see Scheme 1), the band shapes were related to symmetric vibrations, implying changes in the single/double bond character of the CC linkages. 
BODIPY AND RELATED DERIVATIVES
For BODIPY and other fluoroborates, one can split the simulations into two categories, those performed within the vertical approximation (frozen ground-state geometry and neglect of vibrational effects, see above) and those going beyond that simple scheme by exploring and characterizing the potential energy surface of the excited state.
With the former strategy, it is technically possible to perform reference wave function calculations, at least for compact derivatives, but only a few studies are available. 39−41 As for streptocyanines, these works, for example, the coupled-cluster analysis in ref 41, revealed that although BODIPY derivatives do not possess a strong multiconfigurational character, they have first singlet excited states presenting a substantial (and rather constant for all structures) contribution from the double excitations. In turns, this indicates that conventional TD-DFT might lead to an overestimation of the transition energies. However, several TD-DFT studies performed with popular hybrid functionals, such as B3LYP or PBE0, have led to vertical transition wavelengths nicely matching the experimental longest wavelength of maximal absorption (λ max ) for both aza-BODIPY 42, 43 and BODIPY. 44, 45 Indeed in all these studies, rather small mean absolute deviations between theory and experiment have been obtained (0.05−0.28 eV, depending on the work), but the determination coefficients relating calculated and measured data are also small (R 2 in the 0.45−0.79 range) indicating a limited reproduction of the auxochromic trends. Similar conclusions have been reached for the calculation of vertical fluorescence energies of both aza-BODIPY 46 and BODIPY. 47 The apparent accuracy can be explained by an error cancelation phenomenon between (i) the neglect of vibrational (and often solvation) effects and (ii) the inherent inaccuracy of TD-DFT for describing transition energies to states involving a significant double character.
Because gas phase vertical transition energies cannot be measured in practice, the second strategy has, despite its computational cost, been recently advocated. 48−52 In these studies, theoretical 0−0 energies (that can be directly compared with measured absorption−fluorescence crossing point) or band shapes are used to provide meaningful comparisons with experiments. It has also been shown that solvation effects are quite difficult to capture with theoretical tools for BODIPY derivatives; consequently, advanced solvation models are often needed. 40, 53 Figure 2 displays the 0−0 energies obtained with a refined TD-DFT model carried out on a panel of 58 BODIPY derivatives, collected and grouped from several works. As can be seen, TD-DFT overshoots the transition energies by an average of 0.37 eV but yields very consistent transition energies (R 2 = 0.97). These results are in sharp contrast with the data obtained within the cruder vertical approximation (as above). This trend is also consistent with the results obtained with a very similar protocol by Boens and co-workers for "frustrated" BODIPY derivatives. 54 Since 0−0 calculations imply the determination of the excited-state vibrational frequencies, they become rapidly impossible with highly accurate approaches. Because of this, we have recently suggested to correct the TD-DFT 0−0 energies by using data obtained with theoretical approaches suited for cyanine derivatives, such as GW/BSE 55 or SOS-CIS(D). 51, 52 In those calculations, the geometrical, vibrational, and solvation effects are obtained with TD-DFT, while the use of the more accurate approach is limited to vertical gas-phase calculations, making the protocol computa-tionally tractable even for rather large (ca. 150 atoms) fluorophores. The results obtained with such a SOS-CIS-(D)//TD-DFT hybrid method are also displayed in Figure 2 , which shows that the theoretical estimates are now both accurate (MAE of 0.08 eV) and consistent (R 2 = 0.97). We note that such a mixed protocol has been tested in more general frameworks, 56 ,57 but appears particularly efficient for cyanine-like compounds.
Similar to the standard cyanine, unsubstituted BODIPY (center of Scheme 2) presents absorption and emission bands that are nearly perfect mirror images, with intense peaks accompanied by characteristic shoulders displaced by ca. 15 nm from and approximatively half as intense as the main peak. 58 Vibronic TD-DFT calculations reproduce the presence and relative position of this shoulder, though the height of the emission shoulder is underrated. 49 Figure 3 presents a comparison between experimental and theoretical band topologies for two larger fluoroborates. 49 It is obvious that the proposed theoretical protocol very accurately restores both the band positions and the band shapes: the first dye (in red in Figure 3 ) presents two peaks of nearly equal intensity followed by a shoulder with a ca. 50% height, whereas for the second compound (in black in Figure 3 ), the second peak is the most intense with a more intense shoulder than for the first dye. All these key features can be reproduced by a TD-DFT approach with SOS-CIS(D) corrected transition energies, highlighting the performances of such a hybrid approach. For both dyes, the presence of multiple maxima in the absorption band can be mainly attributed to a vibrational mode at ca. 1550 cm −1 that corresponds to in-plane wagging of the CH and distortion of the aromatic cycles. 49 
FURTHER CHALLENGES
Despite the undeniable improvements offered by recent computational protocol with respect to straightfoward vertical TD-DFT approaches, important physical aspects that may strongly affect photoinduced phenomena are still missing in the description. Whereas solvent effects are taken into account implicitly in the ground-and excited-state wave functions, a proper treatment of dynamics, explicit solvent molecules, counterions, 8 or even aggregation of the dyes in various networks 60 is potentially required and would necessitate further methodological developments. Likewise, if cyanine or BODIPY chromophores are combined with late transition metals, 61 spin−orbit couplings should be included in the description. These are the next important challenges that computational approaches of the photophysical behavior of cyanines or related chromophores will probably face.
CONCLUSIONS AND OUTLOOK
In this Account, we have surveyed theoretical calculations aimed at reproducing the optical spectra of cyanines and their derivatives. Experimentally, cyanines are characterized by wellidentified structural and spectroscopic signatures: a vanishing bond length alternation and a sharp absorption peak accompanied by a shoulder that are red-shifted by ca. 100 nm for each pair of carbon atoms added in the conjugated path. The theoretical simulations of the vertical transition energies performed with time-dependent density functional theory may deliver contrasted results: the values appeared strongly overshot for model streptocyanines but reasonably in line with experiment for large BODIPY derivatives. This latter outcome is related to an error compensation between, on the one hand, the vertical approximation and, on the other hand, the inherent inadequacy of TD-DFT for cyanines. Therefore, knowing how to identif y a cyanine excited state with theory is a crucial prerequisite for obtaining a good answer for a good reason. There are indeed two straightforward theoretical ways to pinpoint a cyanine transition: (i) the adiabatic TD-DFT transitions energies are almost independent of the selected exchange-correlation functional, and (ii) these energies are strongly upshifted when the TDA approximation is applied. When a cyanine excited state is revealed, standard TD-DFT methods that do not capture the differential electron correlation between the ground and excited states systematically yield overly large transition energies but rather accurate geometries and vibrational signatures. To improve the former, it is mandatory to take into account the contributions of doubly excited states; all methods including such contributions, for example, CC2, ADC(2), CIS(D), and GW/BSE, provide very satisfying results, whereas the use of multireference schemes is generally not required. As an improved approach, it has been proposed to combine TD-DFT structures and vibrations to vertical calculations performed with one of the above "double" approaches. Such a computationally appealing protocol allows for physically meaningful predictions of both the 0−0 energies and the band shapes of a large panel of BODIPY derivatives with a remarkable accuracy. An example of such protocol is detailed in the Supporting Information. Even if the easyhandling approach consisting of the determination of the vertical transition energies from GS structures still persists, one may expect that the herein-proposed strategy will soon become the norm when the goal is reproducing the experimental features. Future challenges in this field of computationally reproducing optical properties concerns the proper treatment of (i) dynamical aspects (temperature, solvent, etc.) that often play decisive roles in the overall spectra, (ii) aggregation processes, and (iii) spin−orbit couplings that cannot be eluded when late-transition metals are combined with cyanines. 61 ■ ASSOCIATED CONTENT * S Supporting Information Expanded tables and detailed computational protocol. This material is available free of charge via the Internet at http:// pubs.acs.org.
